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ABSTRACT 
Huda, Md Monsurul. MS. The University of Memphis. December, 2014. 
Coherence And Variability of Ground Motion Over 600 m of the NonVolcanic Tremor 
Array site at Mooring, TN. Major Professor: Charles Adam Langston. 
 This study examines wave coherency for high frequency P and S waves in the 
New Madrid Seismic Zone at a site near Mooring, TN. An L-shaped array consisting of 
19-seismometers and having arm lengths of 600m located on Holocene fluvial sediments 
of the Mississippi River was used to examine wave coherency appropriate for many sites 
throughout the Mississippi embayment and other sediment sites associate with large 
rivers. Data from local and regional earthquakes within a distance range of 300km show 
that coherency within the frequency band of 0.5 to 16 Hz degrades with interstation 
distance across the array according to an empirical exponential model. Vertical 
component P-waves are coherent over nearly 2 horizontal wavelengths. However, the 
coherency for horizontal component S-waves degrades more rapidly than the vertical 
component P waves. S-waves become significantly incoherent at distances of only 0.2 
horizontal wavelength and become completely incoherent after 0.5 wavelength. The 
results of this study show clear and quick decay of wave coherence likely to occur in 
strong ground motions from nearby earthquakes. The observed incoherence can be a 
significant factor for the response of structures having foundation lengths of even 100m.    
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 Seismic ground motion varies in amplitude and phase over local and regional 
distances because of many factors and is denoted as the spatial variation of ground 
motion (Zerva and Zaervas, 2002). Most of the structures in the built environment are not 
long enough to experience such spatial variability or incoherence (Kramer, 1996) except 
the case of extreme local variation in site effects. But in cases of large and long structures 
such as dams, bridges, and pipelines, ground motion can vary significantly affecting 
differential settlement in their supports (Harichandran and Vanmarcke, 1986; 
Abrahamson, 1991; Zerva and Zervas, 2002). These structures are lifeline structures so 
engineers should take wave coherence into consideration in designing such structures.  
To investigate spatial variability, dense arrays are required. There have been some studies 
in specific geographic areas. These include the Strong Motion Array in Taiwan 
(SMART) arrays in Taiwan (Abrahamson et al. 1987, Zerva and Zervas, 2002), the 
ROMA array in Mexico City (Bodin et al. 1997; Singh et al. 1997), special experiments 
associated with sediments in Mexico City (e.g., Barker et al 1996), strong motion arrays 
in California (e.g., Spudich, 1994), and arrays in Norway and Finland (coherence of Lg 
wave) by Toksoz et al., (1990). 
1.2. Motivation 
 The Mississippi embayment is a promontory of the Gulf Coastal Plain that ranges 
from southern Illinois to the Gulf of Mexico. It consists of a thick layer of unconsolidated 
sediments that is nearly a kilometer deep around Memphis, TN, over the Paleozoic 
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basement (Stearns, 1957; Stearns and Marcher, 1962; Self, 1993). So, there is a huge 
contrast of velocity at the contact of these two layers where the basement has an average 
P-wave velocity of around 6km/sec and the sediment has an average velocity of 1.2-
2km/sec. This huge contrast in velocity is a source of wave scattering. The S-wave also 
has a large contrast in velocity and is much lower overall having an average velocity of 
0.7km/sec in the sediments which may become even lower in the near surface (~250 
m/s). These very low seismic velocities in conjunction with the complex 3D geometry of 
fluvial geology in the river basin can create a considerable amount of wave scattering 
which can contribute to the variation of ground motion within very short distances. This 
is an important issue for the area since the New Madrid Seismic Zone (NMSZ) is an 
active seismic zone in the Mississippi embayment (Nuttli, 1973; Johnston and Schweig, 
1996; Tuttle and Schweig, 1999). The behavior of seismic waves due to strong ground 
motion through this thick layer of sediment is very important to understand because many 
major lifeline structures and transportation networks go through the seismic zone 
(Langston et al. 2002b). Several seismic hazard studies including the effects of thick 
Mississippi embayment soils also reflect the response of thick sediments to strong ground 
motion (Hashash and Park, 2001, Park and Hashash, 2005, Cramer, 2006, Hashash et al., 
2008). There hasn’t been a large earthquake within the era of instrumental seismicity, so 
the behavior of strong motion seismic waves is still a major unknown and a topic of great 
interest for evaluation of earthquake shaking hazards for the area (e.g., Bodin and Horton, 
1999; Langston et al. 2005).  
 An experiment was done by the Center for Earthquake Research and Information 
in 2002 called ESEE (Embayment Seismic Excitation Experiment, Langston et al. 2002) 
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to record strong motion data. Two explosions were detonated and recorded by two strong 
motion arrays. The data were analyzed to get time domain coherence (Langston et al. 
2006). In the absence of adequate strong motion sources and arrays of strong motion 
accelerographs, the next best data source for determining spatial variation of ground 
motion would be to utilize arrays of weak motion seismographs.  CERI also installed an 
"L"-shaped array in a farm field at Mooring, TN, in response to discovery of possible 
non-volcanic tremor (NVT) that was recorded as part of an active source experiment 
nearby (Langston et al. 2009). The array contained 19 seismometers and recorded 
continuously from 2009 to 2011. In our study we will use these data to examine 
coherency at this site with Holocene fluvial geology (Saucier R.T., 1964). Local and 
regional earthquakes with good signal-to-noise ratio were selected and coherence within 
the array was analyzed over a frequency band from 0.5Hz to 16Hz. This research yielded 
the correlation of the waveform in an array of 600 m aperture in a geological setting 
defined by the fluvial geology of the Mississippi River valley. There have been studies on 
coherence in different seismic zones of the world, which also have been considered as 
design parameters for designing lifeline structures and structure with large foundations 
and major importance like nuclear power plants (Soyluk, K. and Dumanoglu, A.A., 2004, 
Sextos et al., 2004, EPRI report, 2005, Ghiocel et al., 2009, Dev ́esa, Zentner, 2011, 
Snaebjornsson J. Th. and Sigbjornsson R., 2008). The spatial variation of ground motion 
has been applied to the Bay Bridge of San Francisco to address the effect of it on the 
structure (Geomatrix, 1992b). This study provides insight on whether wave coherence 
plays an important role in determining earthquake hazard in the central U.S. and should 




2.1. Background Theory 
2.1.1. Coherence 
 The Coherence of a seismic wave is a measure of the spatial and temporal 
variation of the wave field. It depends mainly on the spatial and temporal distribution of 
the seismic source and the properties of the medium that it propagates through (Spudich, 
1994; Kramer, 1996; Zerva and Zervas, 2002). Degradation of coherency depends on 
several factors: interference of seismic waves and direction and speed at which a wave 
travels through the medium as it radiates from a distributed source. Local siting of 
instruments and seismic instrument response differences can also contribute to apparent 
coherency degradation (Langston, 2006). There are several ways to get the coherency of 
the waveform. A common way used by engineers mentioned in various reports (e.g., 
Spudich, 1994; Kramer, 1996; Zerva and Zervas, 2002) is obtained from the smoothed 
cross spectrum of the motions between two stations, normalized with respect to the 
corresponding power spectra as, 






                                                                              (1) 
Where, 𝑆1(𝜔) and 𝑆2(𝜔) are the complex spectra of the two time series and 𝑆2
∗(𝜔) is the 
conjugate of the spectra 𝑆2(𝜔). 
 Cross spectrum or cross spectral density is the best way to describe the random 
field of seismic ground motions of the data recorded at two stations located on the ground 
surface (Zerva and Zervas, 2002).  
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Several assumptions are made to compute coherence to determine the spatial variation of 
ground motion of waves in recorded data (Zerva and Zervas , 2002). 
 The first assumption is the homogeneity in space for the random seismic 
velocity field, which implies that every stochastic descriptor varies with 
separation distance and doesn’t depend on absolute location. This is generally 
true for closely spaced seismometers located on fairly uniform soil conditions. 
As our array aperture is only 600 meters in extent located within a very large 
(~100 km wide) river valley with extensive meander cut-and-fill geology 
(Saucier R.T., 1964), this assumption can be stated as being reasonable.  
 The time histories are considered as a stationary random process. Even though 
the recorded seismograms are not stationary in time we take a time window of 
the P-wave or S-wave to compute coherence. The time window may be 
considered as a segment of an infinite time history with uniform 
characteristics, which implies stationarity of the wave.   
 The stationary time histories of the selected data are assumed to be ergodic, 
which means the information contained in each realization is sufficient for the 
description of the whole process.  
 In general, the normalized cross-spectral density will have the value of 1 for all 
frequencies for any two spectra if there is no phase difference (Zerva and Zervas, 2002). 
This is avoided in practice by performing spectral averaging over a finite bandwidth to 
compute the expected value, in the statistical sense, of each spectrum (Spudich, 1994) to 
estimate coherency. Window length becomes a prime determining factor for coherency, 
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which is a drawback of the spectral averaging (Langston et al. 2006). Coherency can be 
written as (Zerva and Zervas, 2002): 
S12(w) = S12(w) e
iq12 (w )                          (2) 
The coherency computed this way is a complex function of frequency. Coherence 
may be computed from the coherency by taking the modulus and is a real function of 
frequency because the phase is removed.  Coherence is just the magnitude of coherency.  
Coherence can also be computed in the time domain, which is used by several researchers 


























                         (3) 
 Measuring coherence in time domain can be done best when the wave phases are 
distinct. The wave passage effect can be seen in the array data, which is a well 
understood phenomenon in spectral coherency studies (Spudich, 1994). This 
phenomenon effects the degradation of coherency with distance which can be eliminated 
by a considerable amount by taking the maximum of the normalized cross correlation. 
This natural measure of the similarity of time-domain waveforms is also called the 
semblance (Langston et al. 2006). The values of 𝐶𝑥𝑦 range from +1 to -1, where 1 
denotes complete similarity between two waveforms (+1 shows positively similar and -1 
shows negatively similar but here we will be working on the absolute value of 
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coherence). The use of normalized cross correlation in the time domain is similar to the 
approach of spectral averaging in frequency domain. A short proof of it is shown in 
Langston (2006). The proof is presented as follows.  
 For two functions 𝑥 and 𝑦 the power theorem in time and frequency domains is 




= ∫ 𝑋(𝜔)𝑌∗(𝜔)𝑑𝜔 
+∞
−∞
                                                                                   (4)  
where 𝑋(𝜔) and 𝑌(𝜔) are complex Fourier spectra of x and y, and the * denotes the 
complex conjugate of the function. The normalized cross correlation of these two 
functions can be written as. 
𝜑(𝜏) =
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.       (7) 
Substituting lagged function 𝑦(𝑡 + 𝜏) into equation (7) and the complex conjugate of its 
spectrum is, by the shift theorem. 
ℑ[𝑦(𝑡 + 𝜏)]∗ = 𝑌∗(𝜔)𝑒−𝑖𝜔𝜏                                                                                                         (8) 
Taking the maximum of the both sides we get  
𝐶𝑥𝑦 = 𝑚𝑎𝑥




















.                             (9) 
This equation is a representation of equation (1) if spectral averaging is done over entire 
frequency band. 
2.1.2. Horizontal Wavelength (λ) 
 Horizontal wavelength is a physical parameter of a wave which depends on the 
slowness and the frequency of the wave:  
𝜆 =  1 𝑝𝑓⁄    .                                                                                                                            (10)   
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In the equation 10, λ is the horizontal wavelength and p is the slowness and f is the 
frequency. This parameter depends on the nature of the wave as well as the propagation 
media at different frequencies. The interstation distance can be converted into the fraction 
of horizontal wavelength by using the slowness and the frequency.   
2.2. Previous Studies 
 Spatial variation in strong ground motion is very important in designing lifeline 
structures (Harichandran and Vanmarcke, 1986; Abrahamson, 1991; Zerva and Zervas, 
2002). Engineers need to see whether the ground motion is coherent or incoherent from 
pier to pier or along the structures. This measurement is only possible with a dense array 
of strong motion seismographs (accelerographs). Dense arrays of accelerographs are 
available only in a few areas of the world. One of the first arrays installed was the El 
Centro Differential array that recorded the 1979 Imperial Valley earthquake; the array 
was linear and consisted of seven stations with a total length of 312.6 m and minimum 
separation distance of 7.6 m (Spudich et al. 1984). Other significant arrays around the 
world include the SMART arrays in Taiwan (Abrahamson et al. 1987, Zerva and Zervas, 
2002), the ROMA array in Mexico City (Bodin et al. 1997; Singh et al. 1997), special 
experiments associated with sediments in Mexico City (e.g., Barker et al 1996) and 
strong motion arrays in California (e.g., Spudich, 1994).  
 Coherence studies have been done on teleseismic earthquake signals for different 
arrays throughout the world (Aki, 1973; Capon, 1974; Flatte and Wu, 1988; Langston, 
2014). Toksoz et al. (1990) studied the coherence of the Lg phase for three dense arrays 
across Norway and Finland using regional and local earthquakes.  The study showed that 
Lg waves became incoherent quickly with distance for higher frequencies. In the study of 
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Toksoz et al. (1990) inter-station distance was normalized to horizontal wavelength and 
the nature of coherence decay was shown, which was similar to the decay with inter-
station distance. Coherence decreases with the increase of the wavelength and it decays 
much faster for the higher frequencies. Different earthquake sources were analyzed 
separately and waves from all of them decayed down below 0.4 in coherence after one 
horizontal wavelength. A theoretical investigation was carried out using several methods 
like randomized time series and finite difference modeling. Results from the randomized 
time series method shows decay with separation and the decay was very similar to the 
decay of coherence at the frequency of 4 Hz. They found that phase perturbations were 
more important than amplitude perturbations in controlling coherency. Finite difference 
modeling results also showed similar decay of coherence with distance. Kramer (1996) 
also showed that waves get incoherent with increasing frequency and distance. 
Harichandran and Vanmarcke (1986) showed characteristics of coherence decay for 
SMART-1 array in Taiwan. The study by Toksoz was on hard rock and soil but the study 
using the SMART-1 array by Harichandran and Vanmarcke was conducted in an area of 
unconsolidated sediments.  
 The New Madrid seismic zone does not have frequent big earthquakes, so it’s 
very difficult to get strong ground motion data in this area. An experiment was done by 
the Center for Earthquake Research and Information at the University of Memphis in 
October, 2002 named ESEE (Embayment Seismic Excitation Experiment) (Langston et 
al. 2002). The purpose of the experiment was to determine shear wave Q in the 
unconsolidated sediment underlying New Madrid Seismic Zone (NMSZ), so two large 
borehole explosions (a 1134 kg single borehole explosion near Marked tree, Arkansas 
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and a 2268 kg simultaneous, two-borehole explosion near Mooring, TN) were conducted 
in the sediments to make the wave travel exclusively through the sediment. As a part of 
the experiment, linear arrays of Kinemetrics K2 accelerographs were installed (Figure 1).  
 
Figure 1: Schematic diagram of the locations of the sources and the K2 arrays. 
 The data from this experiment was analyzed and presented in Langston et al. 
(2006). The seismic waveforms showed distinct P-wave phases in the vertical 
component, Ps conversions in the radial component, and surface waves in all 
components. The seismic data didn’t have any real shear wave phase as the explosions 
were near surface explosions.  However, the P to S conversion and Rayleigh waves were 
analyzed as a proxy for the S-wave. The P-wave in the vertical component showed good 
coherence with distance but the Ps conversions showed little coherence over distance 
(Figure 2a). Surface waves in both the components showed better coherence with 
distance than the Ps-wave. According to Langston et al. 2006, coherence degrades as the 
wave goes into a higher frequency range, so for this reason surface waves are more 
coherent than S-waves. Displacement for higher ground motions is more coherent than 
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velocity or acceleration as displacement is lower frequency than the other two. 
Coherency also degrades with distance. It can be seen that the farthest element is least 
coherent (Figure 2b). 
 
Figure 2(a): Coherence measurements with distance for blast 1 in ESEE arrays for 
vertical component (from Langston et al. 2006). 
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 As Langston et al. 2006 stated this experiment was too idealized since the major 
portion of the waves passed through only the upper part of the 1 km layer of sediments. 
In cases of local or regional earthquakes, waves may pass through the Paleozoic 
consolidated sediment bedrock which can have additional effects on scattering and may 
make the S-wave less coherent (Langston et al. 2006).  
 
Figure 2(b): Coherence measurements with distance for blast 1 in ESEE arrays for radial 
component (from Langston et al. 2006).  
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CHAPTER 3 
DATA AND METHODOLOGY 
3.1. NVT array 
 The New Madrid Seismic Zone (NMSZ) is covered by thick unconsolidated 
sediments of late Cretaceous, Tertiary, and Quaternary age. These sediments cover a 
complex and deformed Paleozoic section of possibly 7 km deep rift basins of the Reelfoot 
rift (Dart and Swolfs, 1998; Ervin and McGinnis, 1975; Stearns, 1957; Stearns and 
Marcher, 1962; Thomas, 2006). These sediments represent a challenge for clear recording 
of micro-earthquakes and NVT. The Paleozoic bedrock-sediment interface causes a large 
conversion of S-to-P. To facilitate recording of these tremors, a high frequency phased 
array was deployed in northwestern Tennessee in the region of the Mooring Explosion 
Experiment (Figure 3). A phased array significantly increases the signal-to-noise ratio 
allowing good estimation of azimuth and horizontal slowness of the seismic signal.  
 The array consisted of 19 seismic stations obtained from the PASSCAL program 
consisting of CMG-40T broadband sensors, Reftek-130 DAS’s, and solar panels (Figure 
4). The stations were arranged along the margins of a farm field. Each arm of the array 
was 600m in length. It was installed in November 2009 and was decommissioned in 
November 2011.   
15 
 
Figure 3: Location of the NVT array with earthquake distribution in New Madrid seismic 
zone. The upper inset shows the location of the ESEE experiment setup and the lower 
inset shows the NVT array deployment in an aerial photograph. 
 
Figure 4: Schematic station installation design. Each sensor was placed in a 4 ft deep 
mini borehole, packed with dry sand, and insulated.  
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3.2. Earthquakes 
 Six earthquakes were selected to study the coherence of the ground motion across 
the array. Ideally, to examine the effect of spatial variation of ground motion on built 
structures, we need to record strong ground motion, which requires a local or regional 
large magnitude earthquake. But in the NMSZ large magnitude earthquakes are a rarity, 
so we are forced to use data from lower magnitude local and regional earthquakes in 
order to determine the coherence. Earthquakes within a distance range of 2 to 300km 
with different magnitudes (ranging from M2.5 to M4.8) and azimuths were selected. Two 
earthquakes are in the range of 17km, two earthquakes are in the range of 70km and two 
earthquakes are in the range of 300km. Four earthquakes are in the New Madrid Seismic 
Zone, one is from Missouri and one earthquake has a source in Arkansas. Earthquakes 
with different azimuths were selected to examine if there is any directionality effect in 
wave coherence. Selected earthquakes are listed in the Table 1 and locations are shown in 
Figure 5. These earthquakes fulfill the conditions of selecting a local source (<20km) and 
a regional source (<300km). The earthquakes are shallow (from 1.5 to 15 km) (within 
depth range of 5 to 15 km) which can show the effect of scattering by the sediment 
blanket and also can give distinct P and S-waves as they mostly travel through the Earth’s 
crust.  Wavelengths can be compared with the length of the foundations of the structures. 
Most importantly for strong ground motion, local sources are needed to infer possible 





3.3. Data Processing  
3.3.1. Basic Processing 
 Raw seismograms in seed file format were downloaded from the IRIS data center 
using the Wilber 3 web interface. Seismograms were in digital counts with a sampling 
rate of 100 samples per sec. Seismograms were first checked for bad traces. As all the 
stations of the array were not working through the whole period of deployment, there 
were some faulty stations that needed to be excluded from the analysis before proceeding. 
Data with high signal-to-noise ratio (SNR) were selected for analysis. The first step was 
to determine the SNR of the seismograms. As we are looking at the similarity among the 
waveforms at different band of frequencies, correcting for instrument response doesn’t 
make any difference because the instrument response is the same for all the recordings. 
Generally we choose a SNR being more than 10 as acceptable. Most of array stations had 
a SNR more than 10 for the selected earthquakes with respect to pre-signal noise. An 
example of the noise spectrum and SNR for the M3.6 Arkansas earthquake is shown in 
Figure 6 to Figure 9. SNR was determined for P and S-wave windows separately.  
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Figure 5: Location Map of the earthquakes and the array stations 
 
Figure 6: Pre signal noise and P-wave spectrum of the vertical component time window 
for the M3.6 Arkansas earthquake 
19 
 
Figure 7: SNR of vertical components for the M3.6 Arkansas earthquake 
 




Figure 9: SNR of transverse components for the M3.6 Arkansas earthquake 
 The seismograms were processed in preparation for coherence estimation. Several 
earthquakes had bad seismograms or one or two components that obviously showed 
instrument problems and had to be discarded. The next step was to remove the mean and 
the trend from the seismograms, making sure all array elements were synchronized in 
time. P and S-wave phase windows were then picked. P-waves were comparatively easy 
to pick as they had profound peak to identify except for the case of M4.2 Missouri 
earthquake where a larger window was needed to be taken to include the P-wave energy. 
S-wave arrivals were generally not as clear as the P-wave, so a suitable window was 
taken around the theoretical S-wave arrival time to analyze the S waveform. For the 
lower magnitude earthquakes the window was taken around S-wave to cover the full S-
wave part and for the higher magnitude earthquakes having longer coda a 10 sec window 
was used to cover the criteria of time bandwidth. The seismograms were then rotated into 
the theoretical great circle path to obtain radial and transverse components. Three-
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component seismograms for station S10 of the array from each event are shown in 
Figures 10 through 15. 
 
Figure 10: Three-component seismograms for the M2.5 Missouri earthquake. Vertical, 
Radial and Transverse components are shown with the selected P and S-wave windows 
for coherence estimation and f-k analysis. 
 
Figure 11: Three-component seismograms for the M3.1 Missouri earthquake. Vertical, 
Radial and Transverse components are shown with the selected P and S-wave windows 
for coherence estimation and f-k analysis. 
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Figure 12: Three-component seismograms for the M3.6 Arkansas earthquake. Vertical, 
Radial and Transverse components are shown with the selected P and S-wave windows 
for coherence estimation and f-k analysis. 
 
Figure 13: Three-component seismograms for the M3.7 Missouri earthquake. Vertical, 
Radial and Transverse components are shown with the selected P and S-wave windows 
for coherence estimation and f-k analysis. 
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Figure 14: Three-component seismograms for the M4.2 Missouri earthquake. Vertical, 
Radial and Transverse components are shown with the selected P and S-wave windows 
for coherence estimation and f-k analysis. 
 
Figure 15: Three-component seismograms for the M4.8 Arkansas earthquake. Vertical, 
Radial and Transverse components are shown with the selected P and S-wave windows 
for coherence estimation and f-k analysis. 
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3.3.2. f-k Analysis  
 A SAC macro was used to write the array geometry into SAC headers for each 
seismogram for the different earthquakes.  The rotated seismograms were then used to get 
the azimuth and slowness of the P and S-waves using a standard frequency-wavenumber 
beam forming technique (Nawab et al, 1985). Where the author states the zero-delay 
covariences of the complex signals are used to develop the wavenumber spectrum of a 
planar array and this spectrum is used to determine the source bearings over the entire 
360 degree range. Seismograms were filtered using a band-pass filter with a center 
frequency of 12 Hz (using band of 8-16Hz). The results are tabulated in table 1. A sample 
f-k analysis result is shown in Figure 16.  
 Back-azimuths for P-waves from the different earthquakes were found to be close 
to the great circle back-azimuths except for the M2.5 earthquake.  This event was only 2 
km away, which is within the error ellipse of the location, and the slowness was 0.041 
sec/km showing that waves were near-vertical.   The P-wave slownesses for most of the 
earthquakes were approximately 0.17 sec/km, giving a horizontal phase velocity of 5.7 
km/sec (Table 1). The slownesses for the S-wave part of the seismograms varied more 
than the P-wave slownesses. Azimuths also do not agree with expected great circle paths, 




Figure 16: Array map and f-k analysis of the vertical component for the M3.6 Arkansas 
earthquake filtered over the frequency band 8-16Hz and time windowed at 60-61sec. 
3.3.3. Coherence Computation  
 Coherence can be computed using two methods. It can be computed in the 
frequency domain as well as in the time domain. For this project we used the time 
domain approach to compute the coherence. In this approach time windowed 
seismograms are filtered with five different band pass filters, 0.5Hz - 1Hz, 1Hz - 2Hz, 
2Hz - 4Hz, 4Hz - 8Hz and 8Hz - 16Hz having central frequencies of 0.75Hz, 1.5Hz, 3Hz, 
6Hz, and 12Hz, respectively. Filtering the seismograms over different ranges of 
frequency gives us a perspective to see the behavior of coherence with respect to 
frequency. Seismograms were windowed around the P and S-waves, with window 
lengths shown in figures 10 through 15. Windowed and filtered seismograms for 
transverse components of the M3.6 Arkansas earthquake are shown in figure 17. 
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Figure 17: Transverse components of the M3.6 Arkansas earthquake were filtered at 
different center frequencies of 0.75Hz, 1.5Hz, 3Hz, 6Hz and 12Hz. All the array stations 







Table 1: Earthquake Locations, Depths, Magnitudes, Back-Azimuths and f-K analysis 
results, (z-vertical component, r-radial component, t-transverse component) 














































14.8 Mw3.9 Eastern 
Missouri 

































































































 For coherence analysis we used a fixed length of the data of 10 sec. Time 
windows less than 10 sec was padded with zeros up to 10 sec. Coherence was plotted 
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against the station separation distance. The inter-station distances were converted into 
horizontal wavelength in order to give this measurement a physical aspect. We found 
different slownesses for different phases for each earthquake using the f-k analysis. These 
computed slownesses were used to compute horizontal wavelengths for different 
frequency bands (using equation 10), which provides for five different horizontal 
wavelengths at five central frequencies. These values were then used to convert the inter-
station distances to horizontal wavelengths.   
3.3.4. “Apparent Strain” Computation  
The "apparent strain" will be defined as the maximum of the simple difference 
over the S wave time window in displacement seismograms between two stations. The 
apparent strain can show how a very stiff foundation deforms due to the variation of 
ground motion across its length. For the case of plane wave propagation the waveform 
should be coherent across the array in a homogeneous Earth and the apparent strain will 
be due to propagation time shifts at each station. Another condition considered here is to 
build a "pseudo array" where the stations are projected onto a single azimuth to evaluate 
homogeneity. The transverse component of M3.6 Arkansas earthquake was taken as an 
ideal case to compare the above mention conditions.  
 In order to compute the apparent strain, seismograms were corrected for 
instrument response using transfer command in SAC and converted to displacement from 
digital counts. Pole zero files associated with the individual seismograms were used to 
correct the instrument response for the stations. Corner frequency limits of 0.01 0.03 and 
40 45 were assumed according to the passband for the instruments of the array. The 
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maximum of the difference between two seismograms was taken as the apparent strain 
and plotted against inter-station distance. 
 The apparent strain for an ideal plane wave was computed by taking one 
seismogram from an array station and shifting it to the location of the other stations using 
slowness, azimuth and epicentral distances appropriate for the event location and 
observed phase velocity. A pseudo array was created to investigate deviations for 
homogeneity across the array.   Stations were brought into a single azimuthal profile 
along the wave azimuth of station S10 and this new interstation distance used to compute 





4.1. Coherence  
4.1.1. Inter-Station Distance  
 The array consists of 19 stations, among them one station was damaged and also 
for some earthquakes some stations didn’t have good data. The inter-station distance 
doesn’t actually give a general feeling of the change of coherence with distance, so the 
inter-station distance was converted to horizontal wavelength. We calculated horizontal 
wavelength for different frequencies and different earthquakes and we have also 
calculated coherence for those frequencies with respect to inter-station distances. To 
convert inter-station distance into wavelength we used a simple method. If one 
wavelength is 1km, then inter-station distance of 500m will be half of the wavelength 
(0.5λ). In this way the distances are converted into horizontal wavelength which gives the 
option to compare all the data from different frequency bands over all earthquakes. It also 
gives the option to have an empirical equation to represent the decay of coherence with 
wavelength plotting all the data together in one plot each for the three components.  
 We can say two waves are coherent when the correlation is above 0.8 for a 
positive value of coherency.  If the value goes below 0.3, then the waves can be stated as 
being uncorrelated (Claassen, 1985).  
 The vertical component of the M2.5 Missouri earthquake shows coherence values 
of more than 0.4 for all frequency ranges but the values are scattered over values of 0.9 to 
0.5 for all the data (Figure A-1) (all figures starting with A are in the appendix). There is 
no distinct trend in the data. The transverse and radial component for the S-wave phase 
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shows less scatter over a range of values (Figure A-2, A-3). The S-wave phase shows 
coherence values of less than 0.4 for the frequency band of 8-16 Hz. Coherence varies 
from 0.8 to 0.3 for both the transverse and radial components. The coherence degrades 
quickly for higher frequency pass bands than for lower frequency pass bands 
 The coherence values for the vertical component from the M3.1 Missouri 
earthquake range from 1 to 0.4 for the whole frequency range we have chosen (Figure A-
4). The high value of coherence falls below 0.8 for the central frequency of 12Hz. For S-
waves seen in the horizontal components (Figure A-5, A-6), the decay of coherence 
shows good exponential decay in the higher frequency pass bands. At lower frequency 
coherence stays above 0.8 but for higher frequency, the coherence falls below 0.4 within 
100m of inter-station distance.  
 The vertical components of the M3.6 Arkansas earthquake show good coherence 
over distance (Figure A-7). The values don’t go below 0.6 even for the frequency range 
of 8-16Hz. The horizontal components shows exponential decay of coherence over 
distance and for higher frequencies falls below 0.3 at less than 100m distance (Figures A-
8, A-9). 
 The M3.7 Missouri earthquake shows similar characteristics as the M3.6 
Arkansas earthquake for the all components (Figures A-10, A-11 and A-12).  
 The M3.9 Missouri earthquake shows very little scatter in data for all the 
components. Coherence for vertical components stays within 0.8 for frequencies up to 
4Hz. For higher frequencies it falls down to 0.3 (Figure A-13). Horizontal components 
decay quickly below 0.2 for higher frequencies as the other earthquakes (Figures A-14, 
A-15).  
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 The M4.7 Arkansas earthquake shows similar characteristics as the previous 
earthquake but the coherence doesn’t fall below 0.5 for the vertical component (Figures 
18, 19, and 20).  
 The coherence for the vertical components of the earthquakes doesn’t show any 
obvious trend of decay with distance but the horizontal components in the higher 
frequencies show exponential decay with distance for most of the events. Waves get 





Figure 18: Scatter plot showing correlation plot as a function of station separation 
distance of the vertical component for the M4.7 Arkansas earthquake filtered at different 










Vertical Component of Arkansas M4.8










































Figure 19: Scatter plot showing correlation plot as a function of station separation 
distance of the radial component for the M4.7 Arkansas earthquake filtered at different 








Radial Component of Arkansas M4.8










































Figure 20: Scatter plot showing correlation plot as a function of station separation 
distance of the transverse component for the M4.7 Arkansas earthquake filtered at 
different band of frequencies (frequency band is shown with each plot) 
4.1.2. Horizontal Wavelength (𝝀) 
 Another view of coherence decay can be obtained by converting interstation 
distances into horizontal wavelength (𝜆). The horizontal wavelengths were computed 
using the slowness computed from the f-k analysis which is different for different pass 








Transverse Component of Arkansas M4.8









































wavelengths. Coherence was plotted against normalized distance (wavelength) for each 
earthquake and for each frequency band, Figures 21 through 25 show plots of coherence 
vs. wavelength for all frequencies. All the coherence values were plotted with wavelength 
individually for three components. Means and standard deviations were calculated using 
0.05 wavelength bins. Error bars and the mean values were plotted and the data were fit 
with a simple function to obtain an empirical relation between coherence and wavelength.  
 Figure 21 shows that vertical P-waves do not demonstrate an obvious exponential 
decay over horizontal wavelength.  However, the horizontal components show distinct 
exponential decay of coherence over wavelength (Figures 22 and 23). Mean values 
computed from the plots were plotted in Figures 24 and 25 for transverse and radial 
components. The plots show clear empirical trends for decay. Regression gives two 
slightly different empirical relations for coherence for the two components. For 
Transverse components, the equation stands as 𝐶𝑥𝑦 = 𝑒
−(𝜆 0.1784⁄ ) + 0.275  with r-
squared value of 0.9087 and radial components gives an equation as 𝐶𝑥𝑦 = 𝑒
−(𝜆 0.1582⁄ ) +
0.262. with r-squared value of 0.9531, for this equation 𝜆 cannot be zero. 
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Figure 21:  Plot of coherence vs. normalized distance (horizontal wavelength) for the 
vertical component, plotted along with the mean values computed in bins of 0.05λ. Error 
bars show the standard deviation. 
 
Figure 22: Plot of coherence vs. normalized distance (horizontal wavelength) for the 
radial component. Same scheme as Figure 21. 
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Figure 23: Plot of coherence vs. normalized distance (horizontal wavelength) for the 
transverse component. Same scheme as Figure 21. 
 
Figure 24: Regression plot of the radial components with the equation (the dotted line 
represents the 95% confidence bound): 𝐶𝑥𝑦 = 𝑒




Figure 25: Regression plot of the radial components with the equation (the dotted line 
represents the 95% confidence bound): 𝐶𝑥𝑦 = 𝑒
−(𝜆 0.1784⁄ ) + 0.275. with r-squared value 
of 0.9087. 
4.1.3. Comparison of Apparent Strain 
 The transverse component of the magnitude 3.6 Arkansas earthquake was taken as 
a test case to see the difference between actual wave propagation and assuming ideal 
plane wave propagation. One seismogram was taken and shifted using slowness, azimuth 
and epicentral distance to the consecutive stations. The apparent strain was calculated 
among the stations by taking differences of the seismograms. To get a sense of the 
behavior of the seismograms in a homogeneous situation, a pseudo array was created by 
bringing all the stations into one azimuth by calculating the inter station distance on that 
azimuth. The comparison is shown in figure 26.  
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 The data in the scatter plot representing plane wave propagation shows a linear 
trend of increase of apparent strain with very little amount of scatter for the lower 
frequency. But for higher frequencies the data shows a distribution having a peak. On the 
other hand, apparent strain calculated from actual data shows a scattered distribution over 
all the frequencies but it shows some similarity with the plane wave case for the higher 
frequencies having a peaked distribution. The pseudo array shows the highest amount of 
scatter among the three representations. The values are less than the other two conditions 
over the frequency range of 1-8Hz; for 0.5-1Hz the values are very similar to the actual 
condition and for the frequency range 8-16Hz the pseudo array shows apparent strain 
values higher than the other conditions implying substantial heterogeneity in the medium.  
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Figure 26: Comparison of change of apparent strain with distance for actual condition, 
plane wave propagation condition (noted as shifted in the figure) and pseudo array profile 





 The results show the behavior of coherence within the 600m aperture of the NVT 
array. The objective of the study was to see how coherency degrades over distance and 
the factors affecting it. From this study it is evident that in the NMSZ coherency for 
regional and local earthquakes degrades over short distances. The degradation of 
coherence depends on frequency, wave scattering and heterogeneity of the site. 
Coherence of strong motion S-waves is the main concern for structures having 
foundations long enough to be affected by the incoherence. P-waves are more coherent 
than the S-waves over horizontal wavelength demonstrating greater scattering of S-waves 
in the unconsolidated soil. P-waves stay coherent over nearly 0.8𝜆, whereas both 
components of the S-wave become incoherent within 0.2𝜆. As in the previous studies by 
Toksoz (1991) and Harichandran (1986), I also found coherence to  degrade quickly at 
the higher frequencies. The present study also shows the dependence of coherence on 
horizontal wavelength similar to the results from Toksoz (1990). If we have a wave with 
1 km wavelength, and a bridge having a pier-to-pier span of 200m, then the ground 
motion can get incoherent over this 200m span, as the S-wave gets incoherent within 0.2 
of the wavelength. The effect of coherence has been applied to the bridges like the San 
Francisco Bay Bridge. In this study, we used actual inter-station distances between each 
pair of stations but different researchers tried to see whether using apparent distance 
(distance along the azimuth of earthquake and perpendicular to it) makes any change in 
the behavior of coherence decay or not. Using apparent distance for two earthquakes 
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from our study (M3.1 and M3.7 having azimuth of 357 and 5) didn’t have clear or 
significant effect on the decay of coherence with distances. 
 The attempt to see the difference between the actual wave propagation and ideal 
plane wave propagation through the pseudo array apparent strain (Figure 26) 
demonstrates that the plane wave model is not particularly good for predicting wave 
amplitudes. Projecting the data onto a single profile and using the projected interstation 
distance gives considerable scatter in the apparent strain.  Essentially, stations that 
physically are far apart may have apparent close distances on the projection.  The 
differing waveforms caused by wave scattering then cause the large differential 
displacements. According to Zerva and Zervas (2002), “the structural response can be 
double depending on the exponential decay in the models”. 
 This study can be a basis for a preliminary assessment of similar soil sites being 
considered for the building of large structures. Such sites having quaternary deposits of 
unconsolidated sediments around United States are Bay area in California, Imperial 
Valley basin, and other basin deposits. Soil sites like Mississippi River Valley formed by 
sedimentary deposits of large rivers like Mississippi, can be significantly affected by the 
incoherence of the ground motion. Studies conducted on similar soil sites around the 
world also show the importance of the coherency of ground motion (Harichandran and 
Vanmarcke, 1986, Toksoz et al., 1991). Countries like Bangladesh having active seismic 
zones beneath several large rivers with thick sedimentary deposits can be a good prospect 
of this kind of coherence studies as large bridges and pipelines are constructed across 
these river valleys.  
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 Other studies have attempted to derive the spatial variability of coherence 
theoretically. Zerva and Zervas (2002) showed a theoretical method to see the effect. 
Toksoz (1991) applied different theoretical approachs to compare the phenomenon. 
Toksoz (1991) in his study applied the method of randomized time series to see the effect 
of variation of amplitude and phase. Real seismograms were taken and random 
perturbation of phase and amplitude were applied in frequency domain to construct 
arrays. His results showed phase perturbation has a greater affect than amplitude 
perturbation. Finite difference modeling was also done in Toksoz’s study to give the 
seismogram construction more physical meaning by using the wave equation and using 
random velocity perturbation in the equation. According to Toksoz et al., 1991, “in a two 












































] + 𝐹𝑧 .                                      (11) 
where λ and μ are the Lame constants and ρ is the density and these three are freely 
varying functions of position. To apply velocity a perturbation, they used the correlation 
function of Von Karman (Tataraskii, 1961). The equation is  
𝑃(𝑘𝑥, 𝑘𝑧) =
𝑁𝑎2
1 + 𝑎2(𝑘𝑥2 + 𝑘𝑧2)
 .                                                                                               (12) 
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where kx and kz are the horizontal and vertical wave numbers, a is correlation length and 
N is a normalization factor specifying standard deviation.  
Both of the methods revealed some characteristics of the non-coherence and 
showed close similarity with the actual data. Zerva and Zervas (2002) in his review paper 
showed different empirical (Loh and Lin, 1990) and semi-empirical (Somerville et al., 
1988, Der Kiureghian, 1996, Luco and Wang, 1986) methods and theoretical simulation 
schemes (Harichandran and Vanmarcke, 1986, Luco and Wong, 1986) to compute a 





 New Madrid Seismic Zone is an active seismic zone having a record of large 
magnitude earthquakes in the recent past and it overlies unconsolidated Holocene 
sediment layers of considerable thickness, which is a good source of wave scattering. 
Studying earthquakes over a distance range of 300km shows waves get incoherent with 
inter-station distance. P-waves and S-waves were separated and analyzed separately to 
see the behavior of the coherence. Converting inter-station distances into horizontal 
wavelength gives a better understanding of the nature of the wave propagation through 
the region. P-waves in the vertical component show coherence value of 0.6 even at 2 
wavelength distance, whereas S-wave falls below the value of 0.5 within 0.2 wavelength. 
This shows P-waves are less scattered than S-waves propagating through these sediments, 
which is expected, though S-waves are the most important part of the seismogram as it 
represents the strong ground motion. S-waves become completely incoherent within 0.5 
of a wavelength, with values of coherence falling below 0.2. Coherence values for P-
waves show a bigger range of 0.9 to 0.3 over short to large distances but S-waves show a 
smaller range of values and a distinct pattern of decaying with increasing distance. Strong 
ground motion generated from a large magnitude earthquake is expected to be incoherent 
within few hundred meters, which can significantly affect large structures like bridges, 
pipelines and also huge power plants having large foundations. An additional finding 
from this study is that apparent strain is not a good measure to compare actual plane wave 
and ideal plane wave propagation using a pseudo array though the scattering shows the 
heterogeneity of the propagating medium. Findings from this study can be an example for 
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different places having similar geological and seismic setting, helping to get improved 
seismic risk and hazard for a particular structure and in this way help designers to build 
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Figure A-1: Scatter plot showing coherence as a function of station separation for the 
vertical component of the M2.5 Missouri earthquake filtered over different frequency 









Vertical Component of Missouri M2.5











































Figure A-2: Scatter plot showing coherence as a function of station separation for the 
radial component of the M2.5 Missouri earthquake filtered over different frequency pass 









Radial Component of Missouri M2.5











































Figure A-3: Scatter plot showing coherence as a function of station separation for the 
transverse component of the M2.5 Missouri earthquake filtered over different frequency 










Transverse Component of Missouri M2.5











































Figure A-4: Scatter plot showing coherence as a function of station separation for the 
vertical component of the M3.1 Missouri earthquake filtered over different frequency 
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Figure A-5: Scatter plot showing coherence as a function of station separation for the 
radial component of the M3.1 Missouri earthquake filtered over different frequency pass 
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Figure A-6: Scatter plot showing coherence as a function of station separation for the 
transverse component of the M3.1 Missouri earthquake filtered over different frequency 












Transverse Component of Missouri M3.1











































Figure A-7: Scatter plot showing coherence as a function of station separation for the 
vertical component of the M3.6 Arkansas earthquake filtered over different frequency 









Vertical Component of Arkansas M3.6











































Figure A-8: Scatter plot showing coherence as a function of station separation for the 
radial component of the M3.6 Arkansas earthquake filtered over different frequency pass 
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Figure A-9: Scatter plot showing coherence as a function of station separation for the 
transverse component of the M3.6 Arkansas earthquake filtered over different frequency 










Transverse Component of Arkansas M3.6











































Figure A-10: Scatter plot showing coherence as a function of station separation for the 
vertical component of the M3.7 Missouri earthquake filtered over different frequency 








Vertical Component of Missouri M3.7











































Figure A-11: Scatter plot showing coherence as a function of station separation for the 
radial component of the M3.7 Missouri earthquake filtered over different frequency pass 
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Figure A-12: Scatter plot showing coherence as a function of station separation for the 
transverse component of the M3.7 Missouri earthquake filtered over different frequency 








Transverse Component of Missouri M3.7











































Figure A-13: Scatter plot showing coherence as a function of station separation for the 
vertical component of the M3.9 Missouri earthquake filtered over different frequency 









Vertical Component of Missouri M4.2












































Figure A-14: Scatter plot showing coherence as a function of station separation for the 
radial component of the M3.9 Missouri earthquake filtered over different frequency pass 
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Figure A-15: Scatter plot showing coherence as a function of station separation for the 
transverse component of the M3.9 Missouri earthquake filtered over different frequency 
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